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Venous Occlusion Plethysmography Using a Load 
Cell as the Sensing Element 
Abstract-This paper presents an application of the load cell ac; a 
sensor in venous occlusion plethysmography, a well-established method 
for limb or digit blood flow measurements. In this method the limb 
volume changes that follow venous occlusion are tramferred into the 
tolume change of a water pool. The hydrostatic presrure as well a5 the 
water surface level is measured and used for the calculation of the vol- 
ume change. By using this method the influence of water pressure on 
limb blood flow is avoided together with drift and leakage of the sens- 
ing element. The load cell has the advantage that it measures the weight 
of the displaced water volume which simplifies the design principles of 
the plethymography. The plethysmography is found to be sensitive. 
high13 linear, and eas? to handle. It ha5 been evaluated in several sub- 
jects and the results of these studie9 are in agreement with earlier re- 
sults. 
I. INTRODUCTION 
ERIPHERAL blood flows in limbs, or blood flows in P particular organs and tissues are measured by methods 
such as plethysmography utilizing the change in tissue 
volume due to blood inflow, the impedance method using 
conductance change, and the clearance method calculat- 
ing the blood flow volume from the rate of clearance of a 
certain substance, etc. [ 11. An excellent method, the laser 
Doppler method, is also available but this method can be 
applied only to specified sites such as the skin [2] and 
blood vessels [3]. Among these methods, plethysmogra- 
phy, which is used for blood flow measuremenr in legs, 
fingers, etc., may be divided into water-displacement, air- 
displacement and mercury strain-gauge plethysmography 
[4]. From a clinical point of view, however, none of these 
plethysmography techniques are satisfactory blood flow 
meters with respect to accuracy and easiness in handling. 
In the relatively popular water-displacement plethys- 
mography, changes in water level and water pressure have 
been utilized for the measurement of tissue volume 
changes [ 5 ] ,  [6]. However, the disturbance of blood flow 
due to compression of the target site and insufficient sen- 
sitivity and accuracy have been the problems of this 
method. 
For the purpose of improving the reliability of pleth- 
ysmography, we here propose an entirely new method uti- 
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lizing a load cell sensor as an element for detecting tissue 
volume changes. Owing to the high resolution, good lin- 
earity, etc. of this sensor, a highly reliable instrument was 
developed in the present study. The results of actual blood 
flow measurements in forearms and fingers using a man- 
ufactured water-displacement plethysmography are pre- 
sented below. 
11. WATER-DISPLACEMENT PLETHYSMOGRAPHY A N D  ITS 
SENSOR 
A .  Venous Occlusion Method 
The venous occlusion method, which is a fundamental 
technique for quantitative measurement of blood flows in 
limbs and digitals, is described first [ 5 ] .  The principle of 
the method is illustrated in Fig, 1 .  A cuff is placed on the 
central part of the target body member, and a pressure P 
which is in-between the arterial pressure, P,,, and venous 
pressure, P, , ,  is applied. Under this condition, arterial 
blood can flow into the tissue peripheral to the cuff, but 
venous blood flow is stopped by the compression, result- 
ing in venous blood accumulation. When the blood vol- 
ume ( V )  is increased by A V for time A t ,  the ratio of 
A V / A t  estimates the blood flow. 
Water-displacement plethysmography utilizes this ve- 
nous occlusion method and has been a reliable method for 
measuring the volume of accumulated blood in the limb. 
In this method, the limb is inserted into a water trough, 
and the volume change due to venous occlusion is de- 
tected by the change of the height of a water column 
(water level). The water level is measured either directly 
or via a pressure measurement. 
It is necessary in this method that the pressure change 
caused by tissue volume change due to venous occlusion 
must be made as small as possible at the target site. For 
this purpose, it is preferable to make the cross-sectional 
area of the water column as large as possible. However, 
the larger the cross section, the smaller the height change, 
which results in greater difficulty in measurement. 
As a method to overcome this problem, we propose the 
method illustrated in Fig. 1 ,  in which a load cell sensor 
is used to convert the volume change into a weight change. 
Since the weight change A W is detected in this system 
and there is no need to measure the water level change, 
the cross section of the water column ( A )  can be in- 
creased freely. Thus the effect of pressure on the tissue 
volume can be markedly improved. 
0018-9456/90/1200-0987$01 .OO 0 1990 IEEE 
988 IEEE TRANSACTIONS ON INSTRUMENTATION A N D  MEASUREMENT, VOL. 39. NO.  6. DECEMBER 1990 
water tank Icolumn) 
6/100mT 112rnmOD. 1 0 m m l D l  silicon tube 
mm water trough 
A h  cuff arterv 
' _ _ ~  
* vein 
2 --P, 
I $  \ 
\ r 
V + A V  cuff pressure 
output sensttiwiles lv/g 801v/g 
Fig. 1. Principle method of water-displacement plethysmography using a 
load cell as the sensing element. 
B. Improved Sensor 
A load cell sensor (ISHIDA, DLC-6L, 600 g rated ca- 
pacity, with a temperature-compensating circuit) for elec- 
tronic balances was utilized. Table I shows the specifi- 
cations of this sensor. The linearity of the sensor itself 
was very high, and the sum of nonlinearity and hysteresis 
was f0 .015% of the rated value (600 g * f ) .  The tem- 
perature coefficient was 0 .02%/"C of the rated value. 
These properties indicate that this sensor is far superior to 
sensors of conventional methods in accuracy and stabil- 
ity. When used as a sensor for plethysmography, the water 
tank for volume detection on the sensor is connected with 
an elastic silicone tube ( 12 mm in outer diameter, 10 mm 
in inner diameter, 120 mm in length) to the water trough 
for converting the tissue volume change into a water vol- 
ume change. When the volume of the limb is increased to 
send more water into the tank, the table of the sensor is 
lowered to possibly cause an error in measurement. The 
changes of the table level due to 0-600 g loading were 
actually measured using a laser displacement meter. The 
change was 320 pm by 600 g loading, that is, 0.53 pm/g .  
This means that a level lowering of only about 10 pm may 
occur with about 20 ml volume change in a forearm in the 
case of blood flow measurement. Then, the tube connect- 
ing the water tank and the water through was changed by 
AH from the horizontal state, and the output sensitivity 
of the load cell was measured. As a result, the sensitivity 
was found to be little changed when AH was within k20 
mm, and was maintained constant with a width of 1 
0.005 V/g.  Thus it was confirmed that the sensitivity and 
accuracy of the load cell was not spoiled by the presence 
of tube connection between the water tank and trough. 
The properties of the sensor under a fully equipped 
practical condition were then examined. Like water-dis- 
placement plethysmography, a column was placed on the 
load cell which was connected to a water-displacement 
tank using a silicone tube (same sizes as before). The finer 
and softer this connecting tube is, the smaller is its dis- 
turbance of the sensor. However, rapid conduction of a 
volume change requires a greater diameter, and accurate 
conduction needs a constant diameter. Therefore, a rela- 
tively large diameter and thick silicon tube as mentioned 
above was used here. 
The stability and resolution of the sensor were first ex- 
amined. In general, vibrations must be avoided for this 
TABLE 1 
SPECIFICATIONS OF LOAD CELL SENSOR 
6 0 0  g - f  r a t e d  c a p a c i t y  
n o n - l i n e a r i t y  + h y s t e r e s i s  kO.015 % 
t e m p e r a t u r e  c o e f f i c i e n t  0 . 0 2  % 
stress i n  t a b l e  of l o a d  c e l l  0 . 5 3  v m / g  
o u t p u t  s e n s i t i v i t y  AV/AW 
( -109 & W  $109) l f 0 . 0 0 5  V / g  
(-1OOg &W L100g)  1 0 0 f 0 . 5  m V / g  
b a n d w i d t h  0 - 10 Hz ( -3dB) 
-10 c 
Fig. 2.  Linearity of this device. 
sort of measurement, but no particular varibration-free ta- 
ble was used from a practical point of view and an ordi- 
nary laboratory table was utilized under a still condition. 
As a result, the magnitude of the total noise voltages was 
found to be about 5 mVpp (i.e., 5 mgpp), indicating that 
the resolution was nearly 10 mg. The resolution can be 
increased by using a sensor with a smaller rated capacity, 
but a rated capacity of 600 g is recommended taking mea- 
surement of either human limbs or digits, and ease in han- 
dling into account. 
The volume changes in limbs and digitals induced by 
venous occlusion are thought to be in the order of 20 and 
0.5 ml, respectively. These volume changes correspond 
to about 20 g and 0.5 g of water, provided that the specific 
density of water is 1 g/ml.  Thus both changes can be 
measured by. this sensor. Although output fluctuations 
thought to be caused by external vibrations may be noted, 
such fluctuations have little influence on the blood flow 
evaluation by the venous occlusion method. 
For calibration, weights ( A  W) within a range of k 10 
g were placed on the load cell table and the outputs ( A  V o )  
were measured. As shown in Fig. 2 the response is quite 
linear. In fact, the nonlinearity was less than * O S % ,  and 
it was thus confirmed that the linearity was sufficiently 
preserved even under the attachment of the connecting 
tube. 
111. SYSTEM CONSTRUCT~ON 
The measurement block diagram for water-displace- 
ment plethysmography is illustrated in Fig. 1. A volume 
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Fig. 3 .  Result of limb volume increased by venous occlusion for forearm 
( V ,  = 335 ml. evaluated blood Row = 7.0 m1/100 ml . min). 
change in the forearm was detected by the load cell and 
passed through a low noise strain amplifier and a signal 
conditioner, then the output ( V o )  was processed with a 
microcomputer and a data recorder. Since the signal mag- 
nitude ratio between a limb and a digit is more than 10, 
two output gains of 0.1 and 1 V / g  must be used. As the 
load cell is sensitive to air flow and temperature changes, 
the sensor unit was placed in a temperature isolated box. 
The amplifier was also placed in a double-wall box in or- 
der to minimize variations due to temperature changes. 
The inner diameter of the water trough (acrylic pipe) was 
10 cm for a forearm and 3 cm for a middle finger, with 
the same box wall thickness of 5 mm. Automatic temper- 
ature control would be necessary for a practical system 
used clinically to prevent disturbing the subject's phys- 
iological condition. However, no such control was made 
in this experimental system. Instead, the water controlled 
to the appropriate temperature was poured into the water 
trough. As for the portion contacting the forearm, the tar- 
get site of a testee was molded in plastic silicone, and the 
molded frame was snugly attached to the corresponding 
position. The space between this silicone frame and the 
trough was closed with Vaseline to prevent water leakage. 
The blood flow per minute in the limb ( F )  is usually 
expressed in terms of ml/  100 ml min tissue. The method 
for estimating the value of F from the waveform showing 
a volume change in a limb by means of the venous occlu- 
sion method is described as follows (see Fig. 3): 
1) determine a tangent ( L T )  to obtain the rate of vol- 
2) obtain the height ( M )  increased in T s; 
3 )  measure the volume ( V , )  of the limb being mea- 
Calculate the F value using the following equations: 
ume increase; 
sured. 
( M / S ) ( 6 0 / T )  - 6000 * M 
V, * S * T 
F(m1/100 ml * min) = - 
( V , / l 0 0 )  
( 1 )  
where S is the sensitivity of the load cell sensor. 
In conventional plethysmography, the sensitivity of the 
sensor is not high enough, and therefore correction must 
15 20 0 5 10 
t ( s e c )  
Fig. 4. Result of digit volume increased by venous occlusion for the 
middle finger ( V ,  = 6.5 ml, evaluated blood flow = 14.1 m1/100 
ml . min).  
be made at every measurement by adding a constant vol- 
ume of water using a syringe, etc. This is a troublesome 
task and the correction signal itself is not so accurate. Be- 
cause the sensitivity of our method is maintained con- 
stant, no such procedure is needed and the accuracy is 
also high. 
IV. RESULTS A N D  DISCUSSION 
Using the system described above, we performed the 
blood flow measurement in adult male subjects without 
circulatory disorder. The forearm and middle finger were 
selected as target sites. The cuff used for venous occlu- 
sion was 8 cm in width for the forearm and 1.8 cm in 
width for the middle finger. The cuff pressure was set to 
be about 80 mm . Hg, and the measurement wave form 
was ignored for blood flow estimation until reaching this 
pressure. 
Fig. 3 shows an example of measurement waveforms 
for the forearm. The blood flow volume obtained was 3- 
10 m1/100 ml min measured on several subjects. An 
example of measurement waveforms for the middle finger 
is shown in Fig. 4. Here a blood flow volume of 15-20 
m1/100 ml * rnin was obtained. Although the observed 
value for the middle finger was greater than that for the 
forearm, both were within the range previously reported. 
The waveforms in Figs. 3 and 4 are typical of venous 
occlusion plethysmography, and similar wave forms can 
easily be reproduced. These features indicate the reliabil- 
ity of this method. 
In the cases illustrated in Figs. 3 and 4, the blood vol- 
ume increased by venous occlusion was about 10 ml for 
the forearm and about 0.2 ml for the middle finger. Since 
the cross section of the water column was 80 cm2, the 
water level change, h ,  becomes 100 and 3 pm, respec- 
tively. As clearly indicated by these values, hydraulic 
compression of the target site was almost completely 
eliminated in this method. 
The blood flow volume changes considerably in indi- 
viduals and is largely affected by physiological conditions 
and environmental factors. However, it was confirmed 
that measured blood flow volume in the same subject and 
for a short time was nearly constant with a variation within 
several percent. In some cases, a finger cuff might be dis- 
placed by its interior pressure to cause a skin dislocation 
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(shift), producing an artifact. Thus in order to measure 
the blood flow volume in a finger accurately and stably, 
the cuff must also be improved. 
The new water-displacement plethysmography devel- 
oped here is sufficient to meet an increased demand for a 
noninvasive and handy instrument capable of measuring 
peripheral blood circulation in limbs and fingers, and we 
believe that the system is well-suited for automatic blood 
flow determination as well. 
V.  CONCLUSIONS 
The results of the present study are summarized below. 
1) A weight detecting method was developed using a 
load cell sensor as the sensor of water-displacement 
plethysmography instead of conventional water col- 
umn height detection or water column pressure de- 
tection. 
2) The use of a load cell sensor allowed us to design 
the cross section of a water column to be sufficiently 
large, and provided neither hydraulic compression 
of the limb nor disturbance of in vivo blood flow. 
3) Since the sensitivity and stability of signal detection 
was much superior to those of conventional sys- 
tems, the accuracy and reliability of the venous oc- 
clusion plethysmograph was improved. 
4) A process of calibration which was needed for con- 
ventional systems is not needed for the present 
method, and since the sensor is solid, handling for 
the present method, and since the sensor is solid, 
handling of the system became very easy. 
5) Blood flows in the forearm and finger of a testee 
were actually measured using the water-displace- 
ment plethysmography, constructed on an experi- 
mental basis, and proved the reliability of the pre- 
sent method. 
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